Serological relationships between plant viruses within six different taxonomic groups were studied by means of the double antibody sandwich form of enzymelinked immunosorbent assay (ELISA). This technique was very sensitive not only for the detection of low concentrations of viruses, but also for the differentiation of closely related antigens. With some viruses, e.g. Andean potato latent virus, the specificity of the test was so great that conjugates prepared to one strain failed to detect other serologically closely related strains. With other viruses and with host proteins the cross-reactivity was broader, but distant and even intermediate serological relationships between viruses were usually not detected. The great specificity of ELISA is mainly caused by the behaviour of the conjugated antibodies. The binding of conjugated antibodies was completely inhibited by simultaneously added native antibodies. Antibodies from very early bleedings were not suitable for ELISA.
INTRODUCTION
Enzyme-linked immunosorbent assay (ELISA) as used by Voller et al. 0976) and Clark & Adams (I977) , has proved to be an extremely powerful tool for the highly sensitive detection of plant virus particles (Clark el a[. I976; Thresh et a[. I977; Casper, I977) . This paper describes some.' factors which may influence the outcome of the test in homologous and especially in heterologous reactions.
METHODS
Most of the tests were done with purified virus preparations which had been stored at -20 °C in buffer containing 2o % glycerol. The following viruses were used: Andean potato latent (APLV), strains Col, Caj, Hu and 300 (Fribourg et al. I977) ; belladonna mottle (BelMV); cactus X (CaVX), strains BI, CCIo and KI I (MiliSi6 et aL I966); carnation latent (CLV); chrysanthemum B (CVB); eggplant mosaic (EMV) type and abelia latent (EMV-AI) strains; helenium S (HEWS) (Kuschki et al. I978) ; lily symptomless (LSV); odontoglossum ringspot (ORV); ononis yellow mosaic (OYMV); potato A (PVA); potato M (PVM); potato S (PVS); potato X (PVX); potato Y (PVY), a normal and veinal necrosis strain; scrophularia mottle (ScrMV); tobacco mosaic (TMV); tomato bushy stunt, pelargonium leaf curl (TBSV-PLCV) and petunia asteroid mosaic (TBSV-PAMV) strains; and wild cucumber mosaic (WCuMV). * The antigen was a preparation of APLV-Hu particles diluted I : IOOO beyond its titre in the double diffusion test. The concentration of the coating globulins from the APLV-Hu antisera was 1 #g/ml, the dilution of the anti-APLV-Hu conjugate was r : I2oo.
Antisera were from the stock of the Institut ftir Viruskrankheiten der Pflanzen. Rabbits were usually immunized by two intramuscular injections spaced one week apart, using virus emulsified in Freund's complete and incomplete adjuvant, respectively.
ELISA was as described by Clark & Adams (I977) . Purified y-globulin preparations with an A~80 of I "4 were assumed to have a concentration of I mg/ml. Because of volume changes and possible y-globulin losses during the conjugation procedure, concentrations of conjugates are given in terms of dilutions. To measure the sensitivity of ELISA, antigens were adjusted to a titre of I in the slide precipitin (elongated viruses) or double diffusion tests (isometric viruses) and diluted further in twofold steps.
RESULTS

Influence of the length of the immunization period on the suitability of antisera for ELISA
It has been shown by several authors that early and late bleedings of the same rabbit may differ in their homologous and especially their hererologous reactivities, in their avidity and in the amount of different classes of antibodies. For this reason, we checked whether the length of the immunization period may also have an influence on the suitability of antisera for ELISA. With one antiserum each to APLV-Col, APLV-Caj and ScrMV we found that conjugates prepared from early bleedings, obtained after immunization periods of I or 2 weeks, did not react appreciably with their homologous antigens and were therefore unsuitable for ELISA, although the titres of these bleedings in the double diffusion test were almost as high as those of later ones, i.e. I : 256 to I • 2048. An experiment with four different bleedings of a rabbit immunized with APLV-Hu indicated that even after one month of immunization the state of maximum suitability of the antibodies for ELISA was far from being reached (Table ~) . Optimal results were obtained after immunization periods of 2 months and more (Table 1) .
Influence of the concentration of antibodies used for coating the plates on homologous and heterologous reactions was greatest at higher coating concentrations. The results presented in Fig. I suggest that lower concentrations of coating antibody are best for the differentiation of closely related antigens, whereas higher coating concentrations should be used for the detection of more distantly related antigens. It should be kept in mind, however, that non-specific reactions also tend to increase at higher coating concentrations (Clark & Adams, I977) .
Influence of the antigen concentration on homologous and heteroIogous reactions
It can be seen in Fig. 2 that the amount of colour produced increases greatly with increasing concentrations of antigen up to a certain saturation level. In Fig. 2 homologous and heterologous antigens are detectable to same antigen dilution end point although much less colour is produced by the heterologous antigen. In other systems we found that the curve for the heterologous antigen reached the zero absorbance level at a lower dilution than the homologous antigen. It is evident from Fig. 2 that reliable comparisons between homologous and heterologous antigens should be made at the higher antigen concentrations, where small concentration differences do not influence the results.
Differentiation of closely related antigens
ELISA was found to be more efficient in differentiating between closely related antigens than the usuaI slide precipitin test. With ELISA (Table 2) we were able for the first time to differentiate serologically between preparations of PVX containing undegraded or in situ degraded coat protein (Koenig et al. I97O; Koenig et al. I978) . We had been unable to do this with the usual cross absorption techniques (Koenig, I97z) .
Detectability of intermediate and distant serological relationships using ELISA
With several isometric and elongated plant viruses (Tables 3 and 4) we found that ELISA in its presently used form is not suitable for the detection of intermediate and distant serological relationships. Even among strains of the same virus cross reactions were sometimes weak or undetectable. Thus with antibodies to the CC~o strain of CaVX we were unable to detect the K11 strain, and the BI strain gave only a weak reaction (Table 3) . We could not detect the petunia asteroid mosaic strain of TBSV with antibodies to the pelargonium leaf curl strain (Table 4) . APLV, which has been considered to be a strain of EMV (Gibbs & Harrison, ~973; Koenig, I976) , occurs in a great number of serologically distinguishable substrains (Fribourg et al. ~977; R. Koenig, C. E. Fribourg & R. A. C. Jones, unpublished results). With antibodies to the type strain of EMV we were able to detect APLV-Hu, but not APLV-Col or APLV-Caj. With antibodies to APLV-Caj we could the homologous reac-* The concentrations of coating and conjugated antibodies were those optimal for tions.
t Visual assessment after incubation for I h with the enzyme's substrate: 3 = strong, 2 = intermediate, t = weak (probably not sufficient for reliable routine testing), o = not detectable. detect APLV-Col, but not APLV-Hu, or the type or abelia latent strains of EMV. A very weak reaction which would not be sufficient for routine testing was observed with APLV3oo. These and other similar results are summarized in Table 4 .
In most of the examples listed in Tables 3 and 4 a difference of 2 or more twofold dilution steps between homologous and heterologous serum titres in the usual precipitin tests was sufficient to make the detection of the heterologous antigen impossible. This, however, does not seem to be a rigid rule because some heterologous antigens were detected in spite of greater differences in serum titres. HelVS was detected by antibodies to chrysanthemum virus B (CVB) in spite of a titre difference of 4 twofold dilution steps (Table 3) . A veinal necrosis strain of PVY was easily detected with antibodies to a normal strain in spite of a titre difference of z twofold dilution steps (Table 3) . On the other hand, a serum differing in homologous and heterologous titre by only I twofold dilution step may not detect the heterologous antigen. Thus antibodies to APLV-Caj did not detect EMV-AI (Table 4) .
When the incubation period after the addition of the enzyme's substrate was extended to several hours some of the heterologous reactions became more easily detectable. However, non-specific reactions also tend to increase under these conditions. * ELISA-plates were coated with anti-APLV-Caj and reacted with APLV-Caj. The dilution of the conjugated anti-APLV-Caj was 1 : IOOO which corresponds to about o'5/~g/ml globulin. Values are averages for three experiments.
t Antibodies were from the same bleeding as those used for coating and conjugation. This bleeding was obtained after 7 weeks of immunization.
Antibodies from a bleeding obtained after t week of immunization. Table 5 gives details of experiments with heterologous combinations of coating and conjugated antibodies. The antigens ScrMV and OYMV are closely related (Table 4 )-It can be seen from Table 5 that the replacement of homologous coating antibodies by heterologous ones (Table 5 , lines I and 5 versus lines 2 and 6) has only minor effects on the amount of cotour produced. However, replacement of the homologous conjugated antibodies by heterologous ones (Table 5 , lines I and 5 versus lines 3 and 7) greatly diminishes the amount of colour produced. This seems to indicate that the conjugation of antibodies with enzyme decreases their binding ability.
Experiments with heterologous combinations of coating and conjugated antibodies
Competition and replacement studies
Results of a competition experiment are given in Table 6 . In the homologous system with APLV-Caj the binding of conjugated antibodies was completely inhibited by equivalent amounts of simultaneously added native antibodies provided that these were not from a very early bleeding. Much higher concentrations of antibodies from early bleedings were necessary to cause an inhibition. A higher concentration of antibodies to the related type strain of EMV, which was not detected using APLV-Caj antibody conjugate (Table 4) , was also inhibitory. No inhibition was observed with a high concentration of antibodies to the unrelated virus PVX (Table 6 ).
An antiserum to a protein preparation from Nicotiana clevelandii reacted in ELISA not only with extracts from several solanaceous plants but also, though to a lesser extent, with extracts from Antirrhinum majus and Chenopodium quinoa. No reaction occurred when native antibodies were added to the system simultaneously with the conjugated antibodies. The native antibodies were used for coating and inhibition at a globulin concentration of o. 5 #g/ml; the dilution of the conjugated antibodies was I : ~ooo.
Although native antibodies strongly inhibited the binding of conjugated antibodies, there was almost no replacement of bound conjugated antibodies by subsequently applied native antibodies. Native homologous antibodies did not even replace conjugated heterologous antibodies which may be assumed to have a lower avidity (Table 7) . Table 6 . The plates were treated for 2 h at 37 °C with conjugated antibody at a dilution of I : Iooo which corresponds to about 0"5 #g globulin/ml and then washed three times with buffer and post-treated for I8 h at 4 °C with native antibody at a globulin concentration of o'5 #g/ml.
Comparison between ELISA and the latex-test
With chrysanthemum virus B, which apparently is not well suited to the latex-test (R. Koenig, unpublished results) , in visual assessment ELISA was about x5o times more sensitive than the latex-test and 2ooo times more sensitive than the slide precipitin test. With APLV and AMV, which are well suited to the latex-test (Koenig & Bode, I978) , the sensitivity of both tests was similar with some antisera and with other antisera was slightly greater for ELISA. The latex-test was about iooo-times as sensitive as the double diffusion test whereas with ELISA increases of up to 8ooo times in sensitivity were obtained with some, but not all antisera. The latex-test has a lower degree of strain selectivity than ELISA. Thus, with the same preparation of antibody-sensitized latex we were able to detect alI known strains of APLV and even the type and abelia latent strains of EMV. This was not possible using ELISA (Table 4 )-
DISCUSSION
The experiments described here indicate that ELISA is very sensitive, not only for the detection of low concentrations of viruses, but also for the differentiation of closely related antigens. For those virus particles which, due to their large size, cannot be studied in spur formation tests or in immunoelectrophoresis there has so far been a lack of good methods allowing a sensitive serological differentiation of strains or of chemically altered forms; ELISA may bridge this gap. With this test we have been able for the first time to differentiate serologically between preparations of PVX particles containing either undegraded or in situ partially degraded protein subunits.
In our experiments with EMV-APLV, TBSV and CaVX, ELISA showed a high degree of strain selectivity. This may be very useful for epidemiological or genetic studies. In contrast, our results also demonstrate that the serological homogeneity of virus populations and the cross-reactivity of ELISA-conjugates should be checked before the test is used for large scale screening. For instance, the reliable detection of all APLV-strains so far known required antisera to three different strain groups. Possibly there are other strain groups in the vast Andean region which have not been characterized yet and which would not be detected with the conjugates now available. The examples listed in Tables 3 and 4 and the observation that an antiserum to the protein from healthy Nicotiana clevelandii could be used for the detection of proteins from plants in other botanical families indicate that the degree of selectivity may vary with different antigens. In our experiments it was most pronounced for viruses with isometric particles.
The reasons for the strain selectivity of ELISA are not fully understood. It has been suggested (Woodhead et al. I974 ) that the high specificity of two-site assay procedures such as ELISA is caused by the frequent washings which are necessary between the individual reaction steps. This, however, does not seem to be the only reason. As seen in Table 5 , the reaction step between antigen and coating antibodies which is followed by six washing steps contributes to a much lesser extent, if at all, to the selectivity of the test than the reaction step between antigen and conjugated antibodies which is followed by only three washing steps. It appears that due to the conjugation with enzyme, possibly because of spatial impairments or because of conformational changes in the combining site, the avidity or binding ability of the antibodies decreases. Thus, homologous antibodies from early bleedings (Table i) or heterologous antibodies, both of which already have a lower avidity in the native state, may become non-reactive after conjugation. The fact that native antibodies completely prevent the binding of conjugated antibodies (Table 6) gives further support to the idea of a decreased avidity of antibodies after conjugation. In addition, a lower diffusion rate of the large conjugates may be involved in this phenomenon. Surprisingly, we observed no replacement of bound conjugated antibodies by subsequently added native antibodies. The inhibition of binding of conjugated antibodies by simultaneously added native antibodies may be very useful in lzractice. The colour development due to unwanted reactions of virus antisera with normal plant proteins may be eliminated by unlabelled antibodies to these proteins. A pre-requisite for the usefulness of this method is that the antigenic host proteins are similar in healthy and diseased plants. The inhibition technique also allows the detection of more distant serological relationships which are missed when using the standard form of ELISA (Table 6 ). 
